ILLUSTRATIONS
Susquehanna River and on the north by U.S. Highway 230. The warehouse area, now under development, is bordered on the south by U.S. Highway 230 and on the north by the Pennsylvania Turnpike.
Olmsted Air Force Base is in the Triassic lowland of the Piedmont province. The Triassic lowland is characterized by a gently undulating surface which slopes generally to the south and is traversed by many ridges of diabase.
Altitudes on the Air Force Base range from 280 feet above mean sea level at the Susquehanna River to 385 feet at the northern boundary. The main part of the base is on an alluvial terrace along the Susquehanna River, at an altitude of approximately 300 feet. This terrace was named the Binghamton terrace by Peltier (1949) . The present flood plain has apparently been filled in to the level of this terrace in the vicinity of the Air Force Base. North of the main base GROUND-WATER RESOURCES, OLMSTED AIR FORCE BASE H-3 the land surface rises abruptly; in the warehouse area there are remnants of two higher terraces at altitudes of 360 and 380 feet.
METHODS OF INVESTIGATION
Fieldwork for this investigation was begun on January 19, 1959, and completed on February 6, 1959. An inventory was made of existing wells on the Air Force Base and in part of the surrounding territory, and pumping tests were made on 3 wells ( fig. 2) on the main base and 1 well in the warehouse area. A brief geologic investigation of the area was made in order to determine local stratigraphy and structure, and rock samples from well Da-77 (see sample log, below) in the new warehouse area were studied with the aid of a binocular microscope. Chemical analyses of 43 water samples from 14 wells on the Air Force Base were made by the Quality of Water Laboratory of the Geological Survey, Philadelphia, Pa. Electric and gamma-ray logs were obtained from 1 well on the main base and from 3 wells in the warehouse area. The electric logs include curves showing self potential, single-point resistance, 16-and 64-inch normal resistivity, and fluid resistivity.
PREVIOUS INVESTIGATIONS
The geology and ground-water resources of southeastern Pennsylvania were described by Hall (1934) . The geology of the Middletown quadrangle, which includes the eastern part of Olmsted Air Force Base, was discussed in a report by Stose and Jonas (1933) .
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GEOLOGY

GENERAL FEATURES
Olmsted Air Force Base is underlain by the Gettysburg shale, which is part of the Newark group of Triassic age. The Gettysburg shale in its type locality at Gettysburg, Pa., consists of soft red shale and soft red sandstone (Stose and Jonas, 1933) . The Newark group as a whole occupies a series of disconnected, downf aulted basins that extend from Nova Scotia to North Carolina. In Pennsylvania the Newark group is part of the largest Triassic basin in the eastern United States a basin which extends from New Jersey to Virginia. The Newark group consists of conglomerate, sandstone, arkose, siltstone, shale, argillite, and lava flows. The sedimentary rocks of the group are intruded by diabase dikes and sills. In the general area of Olmsted Air Force Base, the Newark group is divided into the New Oxford formation and the overlying Gettysburg shale.
The Triassic rocks in southeastern Pennsylvania dip generally to the northwest at angles ranging from 10° to 50°. Large faults form the northern boundary of the basin.
STRATIGRAPHY
The Gettysburg shale on Olmsted Air Force Base consists of alternating beds of red sandstone, siltstone, and shale. The beds of sand-GROUND-WATER RESOURCES, OLMSTED AIR FORCE BASE H-5 stone and siltstone are poorly sorted and weakly cemented with calcium carbonate. Quartz grains, ranging in size from silt to very small pebbles, and red clay are the chief constituents of the formation. The siltstone is sandy and contains substantial amounts of clay, and most of the sandstone contains considerable amounts of both silt and red clay. Little pure shale is present. As most of the rocks are composed of the same materials (differing from one another only in the proportion of constituents) they appear to be uniform in composition unless they are examined in detail.
The following sections and the log of Da-77 show the complex interbedded nature of the sedimentary rocks. Electrical-resistivity logs from the Air Force Base show that electrically most of the rocks in the area are fairly uniform. The rocks have a fairly low electrical resistivity, which indicates a high clay content. Variations in resistivity do occur, apparently because of lithological changes such as decreased clay content or greater degree of cementation and density of the rock. 
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resistivity logs of well Da-93 (AFB-14), on the main base, and well Da-77, in the warehouse area. An increase in resistivity take place at 300 feet in Da-77 and is interpreted as indicating a greater proportion of sandstone below that depth. The log of Da-93 (AFB-14), on the main base, shows distinct zones of high resistivity at depths of 250, 690, and 750 feet. These zones are believed to be occupied by beds of water-bearing sandstone that contain very little clay. The logs from the warehouse area show no zones of comparably high resistivity; therefore, beds of relatively clay-free sandstone are believed to be absent near the wells in that area.
STRUCTURE
Beds of the Gettysburg shale at Olmsted Air Force Base dip to the northwest at angles ranging from 19° to 38°. The average of 9 dip measurements made in or near the warehouse area is approximately N. 26° W. The strike of the beds ranges from N. 5° E. to N. 65° E. and the average strike is N. 43° E.
ALLUVIAL DEPOSITS
Throughout most of Olmsted Air Force Base, the Gettysburg shale is covered by alluvial terrace deposits of Quaternary age. The lowest terrace deposit, the top of which is at an altitude of 300 feet above mean sea level and on which the main part of the base is situated, consists of gravel and sand approximately 30 feet thick. Alluvium of the higher terraces consists of thin, discontinuous deposits as much as 20 feet thick. In general, however, the alluvium of the higher terraces is less than 10 feet thick.
The alluvium is believed not to be a significant aquifer at the Air Force Base, but it is rather permeable and rainfall infiltrates rapidly. Thus it is a major source of recharge to the Gettysburg shale.
GROUND-WATER HYDROLOGY
PRINCIPLES
Ground water may occur under either water-table or artesian conditions. Where the ground water is not confined, the upper surface of the zone of saturation is called the "water table." Where ground water is confined under hydrostatic pressure by relatively impermeable rocks, the water occurs under artesian conditions. When an artesian aquifer is penetrated by a well, the water will rise in the well above the bottom of the confining bed to a level called the "piezometric surface."
Kecharge to a water-table aquifer comes from local precipitation or streamflow that infiltrates downward to the zone of saturation. Kecharge to artesian aquifers comes from precipitation or streamflow in the area where the aquifer is at or near the surface and is under water-table conditions.
On Olmsted Air Force Base, ground water occurs in the Gettysburg shale under artesian conditions. However, where a bed in the Gettysburg shale crops out at the surface, or beneath the alluvium, the water in this bed occurs under water-table conditions. The primary source of recharge to the artesian aquifer in the Air Force Base is precipitation percolating through the alluvium within and adjacent to the base.
Various terms are used to describe the hydraulic properties of an aquifer. The field coefficient of permeability is defined as the rate of flow, in gallons per day, through a cross-sectional area of 1 square foot under a unit hydraulic gradient and at the prevailing temperature of the water. The coefficient of transmissibility is defined as the field coefficient of permeability times the thickness of the aquifer, in feet. The coefficient of storage of an aquifer is the volume of water it releases from or takes into storage per unit surface area of the aquifer per unit change in the component of head normal to that surface. The specific capacity of a well is defined as the yield of the well in gallons per minute per foot of drawdown of water level in the well. Specific capacity is related directly to the transmissibility of the aquifer at discharge rates that are low enough to allow water to enter the well by laminar flow.
When a well is pumped, the piezometric surface or the water table is drawn down to form a "cone of depression." As pumping proceeds, the cone continues to deepen and broaden until one of the following conditions is realized: (a) recharge to the aquifer is increased in an amount equal to the pumping rate; (b) natural discharge from the aquifer is decreased in an amount equal to the pumping rate; or (c) the sum of the increased recharge and decreased natural discharge is equal to the pumping rate. Figure 4 shows a theoretical plot of drawdown against time in a well pumping from a homogeneous, isotropic aquifer of infinite areal extent and uniform thickness. Other assumptions made in constructing the theoretical curve are: (a) the discharge well has an infinitesimal diameter and completely penetrates the aquifer; (b) no recharge occurs; (c) the water taken from storage in the aquifer is discharged instantaneously with the decline in head; and (d) the coefficient of transmissibility is constant at all places and all times. A plot of recovery against time should coincide with a plot of draw- down against time. Any deviation from the above criteria will cause a plotted curve to differ from the theoretical curve. For example, figure 5 shows a drawdown curve whose slope decreases abruptly from that of the theoretical curve at point A, indicating that expansion of the cone of depression has induced recharge to the aquifer from some outside source. Figure 6 shows a drawdown curve whose slope increases abruptly from that of the theoretical curve at point A, indicating that the cone of depression has expanded to an impermeable boundary that is, a boundary formed by a formation that yields less water than the major aquifer. An impermeable-boundary condition may appear, for example, when the cone of depression reaches the end of the aquifer and lateral expansion of the cone is stopped or retarded. An impermeable-boundary condition may also indicate a marked decrease in the permeability of the aquifer due to a change in the lithologic character of the aquifer at some distance from the well. A pumping test was made on well Da-78 with a submersible pump. The pump was set at a depth of 135 feet and was pumped at a constant rate of 25 gpm. Water levels during the test were measured in wells 78, and 79. (See fig. 2 .) No drawdown occurred in wells Da-77 and '79 because these wells penetrate rocks stratigraphically lower than those penetrated in the pumped well. (See fig. 7 .) The lack of drawdown in the two observation wells indicates that there is little or no leakage between aquifers. Water levels in well Da-77 fluctuated over a range of half a foot during the test, but the fluctuations appear to be related to pumping of Gulf Oil Co. well Da-95 because the entire stratigraphic section penetrated in well Da-95 is penetrated also in well Da-77.
Figures 8 and 9 show drawdown and recovery, respectively, of the pumped well (Da-78) plotted against time. The data yield curves which deviate from the theoretical curve (see fig. 4 ) at two points. Point A on the recovery curve ( fig. 9) of an impermeable boundary appeared 5 minutes after pumping stopped. Point B on figures 8 and 9 shows the effect of another impermeable boundary. The effect of this boundary, best shown on the drawdown curve ( fig. 8) , occurred 500 minutes after pumping began.
One of the impermeable boundaries, the more distant one, is believed to be at the place where the water-bearing strata come to an end at their outcrop. The other impermeable boundary is believed to represent a place at some distance from the well where the aquifer becomes thinner. 
GROUND-WATER RESOURCES, OLMSTED AIR FORCE BASE H-17
Wells on the main base can be classified in three groups that occupy three different areas: (a) the eastern area, comprising wells 81, 82, 83 , and 84 (AFB-1, 2, 3, 4, and 5); (b) the central area, comprising wells Da-87, 89, and 92 (AFB-8, 10, and 13) ; and (c) the western area, comprising wells 88, 90, 91, 9, 11, 12, and 14) .
All wells in the eastern area (Da-80 to 84) were drilled in 1941 except Da-84 which was drilled earlier. Original pump settings were 140 feet below the land surface. However, after a time it was necessary to lower the pump settings to 200 feet in Da-80 (AFB-1), to 190 feet in Da-81 (AFB-2), and to 250 feet in Da-82 (AFB-3). It was also necessary to deepen Da-80 an additional 179 feet to a depth of 629 feet. Apparently the drawdown was greater than was anticipated when the wells were first drilled. (See fig. 10 .) The storage coefficient of the aquifer is 28xlO~5, a figure typical of artesian aquifers.
One pumping test was made in the eastern area. Da-81 (AFB-2) was pumped at 200 gpm for 859 minutes, and wells Da-80, 82, and 83 (AFB-1, 3 and 4) were used as observation wells. Water levels in the observation wells declined during the pumping test, indicating hydraulic connection among the wells. Maximum drawdowns were as follows: Da-81 (AFB-2), 90 feet; Da-80 (AFB-1), 5.6 feet; Da-82 (AFB-3), 0.6 foot; Da-83 (AFB-4), 6.5 feet. Wells Da-80 and 83 are approximately 325 feet from the pumped well, and Da-82 is 630 feet from the pumped well. Figure 10 shows the relation between strata penetrated by these four wells. One pumping test was made in this area. Well Da-92 (AFB-13) was pumped at 575 gpm for 195 minutes and well Da-87 (AFB-8) was used as an observation well. The water level in the observation well declined 5.5 feet, during the test, indicating hydraulic connection with the pumped well. The water-level drawdown in the pumped well was more than 90 feet. The coefficients of transmissibility and storage obtained from figure 14 are believed to be greater than the correct values, because well Da-87 taps only the upper part of the stratigraphic section penetrated in well Da-92, and well Da-87 probably does not tap the strata that yield much of the water to well Da-92. Figure 14 shows the effects of a recharge boundary at point A. The effect became apparent 15 minutes after pumping started. The recharge-boundary effect is probably caused by induced recharge from the Susquehanna River, which is 2,200 feet from well Da-87. It is not known definitely whether the river is recharging the aquifer directly or recharging the overlying alluvium, which in turn recharges the aquifer. In either case, however, the pumping of well Da-92 results in diversion of river water to the artesian aquifer at the Air Force Base.
Wells in the western area are pumped at rates ranging from 265 gpm to 758 gpm, and the specific capacities of wells range from a reported 1.4 gpm per foot of drawdown to a reported 18 gpm per foot of drawdown. (See table 1 .) The coefficient of transmissibility of the aquifer penetrated by well Da-91 (AFB-12) was calculated to be 55,000 gpd per foot, but this figure may be too high. The storage coefficient is calculated to be 10 x 10~5.
A test was made in this area by pumping well Da-90 (AFB-11) at 700 gpm for 315 minutes and observing the drawdown of water level in wells Da-88 (AFB-9) and Da-91 (AFB-12). The water levels in the observation wells declined during the test, indicating hydraulic connection with the pumped well. The maximum drawdowns observed were 45 feet in well Da-90, 0.7 foot in well Da-88, and 4.6 feet in well Da-91. As shown in figure 15 , the upper strata penetrated by the pumped well are also penetrated by well Da-91, whereas only the lower strata are penetrated in well Da-88. Because much greater drawdown occurred at well Da-91, it is probable that the important water-bearing strata in well Da-90 occur in the upper half of the well. Further evidence of this probability will be discussed subsequentlv. Figures 16,17 , and 18 show recovery curves for wells Da-88, 90, and 91. Point A on the curves shows the effect of a recharge boundary, which occurred half a minute after pumping ceased in well Da-90, 7 minutes after pumping ceased in well Da-91, and 60 minutes after pumping ceased in well Da-88. The effect of the recharge boundary on water levels occurred very early in the test, which indicates that the recharging source is nearby. The ultimate source is clearly the Susquehanna River. The recharging source is not necessarily the river proper but may be the alluvium, which in turn is recharged by river water. The wide difference between arrival times of the effects of the recharge boundary in the observation wells indicates that Da-88 is not as closely connected hydrologically to the pumped well as is Da-91. This is further evidence that the water-bearing strata are largely in the upper half of the pumped well. 6-5-53 5-7-56 6-11-57 7-22-58 6-5-53 5-7-56 6-11-57 7 27 58 6-5-53 6-11-57 7-23-58 6-5-53 5-10-56 6-18-57 7 9*v_P.ft 6-5-53 5-9-56 6-12-57 7 9*v_e.Q 6-5-53 5-11-56 6-20-57 137 ppm and a specific conductance of 360 micromhos per cm (approximately 240 ppm of dissolved solids). Hence, judging from these data, ground water in the warehouse area is much softer and contains less dissolved solids than water on the main base. (See  table 2.) Fluid-resistivity logs revealed a highly mineralized water at depths below 300 feet in wells Da-77 and Da-79. Lack of sufficient data prevents a satisfactory explanation of this mineralization, but because the water occurs at the same depth in two wells which are approximately along the strike of the strata, it is believed that this water may be confined to a particular bed or group of beds.
Tests for specific conductance and hardness were made on samples of ground water taken during pumping tests. Hardness as CaCO3 and specific conductance increased during the early stages of three of the tests but remained constant as pumping continued. Table 3 shows the changes that occurred during pumping. The changes in chemical composition of the water that took place during the early stages of pumping may have been caused by the changes in the amounts of water supplied by individual aquifers tapped by the pumped well, or they may have been caused by movement of more highly mineralized water from downdip in one or more aquifers.
Ground water in the main base falls into three geochemical groups that coincide with the three distinct areas on the Air Force Base. Each of these areas has a different pumping history. Table 4 summarizes certain characteristics of water in each group. Central area Wells 89, 92 (AFB 8, 10, 13) .
Western area Wells 88, 90, 91, 93 (AFB 6, 9, 11, 12, 14) . One geochemical group coincides with the eastern area, which includes wells 81, 82, 83, 2, 3, 4, and 5) . This area has been yielding ground water since 1941. The water is moderately to very hard and is fairly high in sulfate and dissolved solids. Sulfate content, hardness, and specific conductance decreased from 1953 to 1958.
Another geochemical group coincides with the central area, which includes wells 89, 10, 13) . Water from this area is relatively low in sulfate content, contains less dissolved solids, and, though hard, is much softer than water in the eastern area. Much less water has been pumped from this area than has been pumped from the eastern area, and little or no change in the chemical character of the ground water took place between 1956 and 1958. Wells Da-87 and Da-92 have been contaminated by petroleum products since 1957. The contamination was caused by leakage of petroleum products (used in Air Force Bace operations) through the alluvium into the aquifer.
The third geochemical group coincides with the western area which includes wells 88, 90, 91, 9, 11, 12, and 14) . In general, this area except for Da-85 has been yielding water since 1953. The water here has been characterized by a rapid change in chemical character from moderate sulfate content (94 ppm in 1956) to high sulfate content (252 ppm in 1958) . Specific conductance and hardness as CaCO3 also have risen sharply. Figure 19 shows the percentages of equivalents per million of important constituents or groups of constituents in the various types of
